ABSTRACT
INTRODUCTION
In general Oncology as well as in Neuro-Oncology, the evaluation of treatment response or monitoring of tumor therapy is of paramount importance. In particular, the early identification of non-response allows the termination of an ineffective therapy to avoid possible side effects, e.g., bone marrow depression, fatigue, nausea, and vomiting, and therefore to maintain or even improve life-quality.
Furthermore, the early identification of non-response allows an earlier treatment change. For example, in the event of chemotherapy resistance, a switch to another chemotherapeutic agent is possible before bone marrow reserves are exhausted.
Moreover, identification of treatment failure may help reduce costs. This is highly relevant because the expense of newer systemic treatment options (e.g., bevacizumab) is considerably higher than conventional alkylating chemotherapy (e.g., lomustine).
Additionally, following radiotherapy and temozolomide chemotherapy for newly diagnosed glioblastoma patients and antiangiogenic drugs such as bevacizumab in pretreated patients, "pseudoprogression" and "pseudoresponse" have been described (Brandes et al., 2008; Brandsma and van den Bent, 2009 ). These phenomena may complicate the assessment of treatment effect. Similarly, pseudoprogression or delayed responses may occur during immunotherapy of brain metastasis by blocking immune checkpoints such as CTLA-4 (cytotoxic T lymphocyte-associated antigene 4) using ipilimumab and PD-1 (programmed cell death 1 receptor) using pembrolizumab or nivolumab (Okada et al., 2015; Preusser et al., 2015; Wolchok et al., 2009) . Importantly, following immunotherapy, long-term survival and tumor regression can still occur after initial disease progression or even after the appearance of new lesions (Okada et al., 2015) .
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For decades, in patients with brain tumors, changes of contrast enhancement extent on MRI are traditionally used as an indicator of therapy response or tumor relapse (Macdonald et al., 1990; Wen et al., 2010) . However, contrast enhancement resulting from increased blood-brain barrier (BBB) permeability is nonspecific and may not always be an accurate surrogate of neoplastic tissue, tumor extent or treatment effect (Ahluwalia and Wen, 2011; Dhermain et al., 2010; Kumar et al., 2000) .
In order to overcome the limitations of the assessment of tumor response to antiangiogenic treatment by evaluation of contrast-enhancement changes only (according to the Macdonald criteria), the Response Assessment in Neuro-Oncology (RANO) group suggested in 2010 new recommendations for evaluating response (Wen et al., 2010) . In particular, following anti-angiogenic drug treatment, FLAIR or T2 signal hyperintensity was recommended as a surrogate marker for nonenhancing tumor to help determine tumor progression, and thus nonenhancing FLAIR or T2 signal alterations were included as criteria for determining tumor response or progression ("non-enhancing tumor progression") (Wen et al., 2010) .
However, these criteria do not provide quantitative values of FLAIR or T2 signal change for the diagnosis of tumor progression. Various differential diagnoses such as tumor-related edema, radiation injury, demyelination, ischemia, and infection can result in hyperintense FLAIR or T2 signal hyperintensity, which is difficult to distinguish from nonenhancing tumor (Ahluwalia and Wen, 2011) . Consequently, alternative diagnostic methods are necessary to improve the identification of treatment response.
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5 Positron-Emission-Tomography (PET) is one of the most promising techniques for the imaging of specific molecular processes in vivo. This method uses biologically active molecules labeled with short-lived positron-emitting isotopes at micromolar or nanomolar concentrations. Molecular imaging using PET may provide relevant additional information on tumor metabolism, and may be helpful in clinical decisionmaking, especially in the case of ambiguous MRI findings following neurooncological treatment ( Fig. 1) . Further strengths of PET imaging is that the image acquisition can be standardized, the insensibility to susceptibility artifacts and the relatively uncomplicated post-processing for static images.
This review article focuses predominantly on the amino acid PET tracers A C C E P T E D M A N U S C R I P T 6
MOST RELEVANT PET TRACERS FOR (NEURO-) ONCOLOGICAL IMAGING
The classic and most common PET tracer for oncologic imaging has traditionally been 18 F-2-fluoro-2-deoxy-D-glucose (FDG). FDG is accumulated in the majority of tumors due to increased energy demand and consequently elevated glucose metabolism. FDG uptake has been well characterized for extracranial tumors, and also has been applied to brain tumor imaging for many years. The relationship of FDG uptake to tumor glioma grade and prognosis has been reported in several studies (Herholz et al., 2012) . As newer PET tracers have become available, the use of FDG for imaging in Neuro-Oncology has declined, in part due to several important limitations. These include the high rate of glucose metabolism in normal brain parenchyma resulting in diminished signal-to-noise ratio for brain tumors. Another problem with FDG is the high tracer uptake in inflammatory cells, which can occur in a variety of disease processes and can be independent of tumor growth or response.
Radiolabeled amino acids have been used in neurooncological practice since 1983 (Bergström et al., 1983) . The most experience for this class of PET tracers for brain tumor imaging has been gained with MET. This tracer is an essential amino acid labeled with the positron-emitting isotope carbon-11, which has a half-life of 20 minutes (Galldiks et al., 2015b; Herholz et al., 2012) . This relatively short half-life limits the use of MET to PET centers with an on-site cyclotron unit. More recently, amino acid tracers labeled with positron emitters that have longer half-lives have been synthesized. This has resulted in improved distribution, efficiency and costeffectiveness (Huang and McConathy, 2013 (Langen et al., 2006; Wester et al., 1999) . The use of FET has grown rapidly in recent years, especially in
Western Europe. Clinical results in brain tumors with PET using MET and FET appear similar (Grosu et al., 2011; Langen et al., 2003; Weber et al., 2000) .
Switzerland was the first country to approve FET PET as a medical drug in 2014 (Swissmedic, 2014) . Another 18 F-labelled amino acid analogue FDOPA, which was primarily developed to measure dopamine synthesis in the basal ganglia, has also increasingly been used as a tracer for brain tumor imaging (Becherer et al., 2003) .
FDOPA is currently approved for characterization of presynaptic dopaminergic activity in patients with Parkinsonian syndromes in the United States and Western
Europe. The increased uptake of MET, FET and FDOPA in gliomas and brain metastases appears to be caused predominantly by increased transport via the amino acid transport system L for large neutral amino acids namely the subtypes LAT1 and LAT2 (Okubo et al., 2010; Papin-Michault et al., 2016; Wiriyasermkul et al., 2012; Youland et al., 2013) . A feature that distinguishes FET from MET and FDOPA is the high metabolic stability of FET. After the transport via L-type amino acid transporters into tumor tissue, it has been demonstrated that MET and FDOPA show some metabolic degradation and incorporation into protein or participation in other metabolic pathways (Singhal et al., 2008) , whereas FET is not metabolized (Langen et al., 2003) . Furthermore, it has been shown that overexpression of LAT1 is closely correlated with a malignant phenotype and proliferation of gliomas (Haining et al., 2012) .
In addition to static images, dynamic FET PET data can be acquired dynamically, allowing for the ability to characterize the temporal pattern of FET uptake by deriving a time-activity curve (TAC). It has been demonstrated that the configuration of TAC may contain additional biological information, which may be helpful for glioma grading (Albert et al., 2016b; Calcagni et al., 2011) , the differentiation of both glioma
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8 and brain metastasis recurrence from radiation-induced changes (Ceccon et al., 2016; Galldiks et al., 2015a; Galldiks et al., 2015c) or the prognostication of untreated gliomas Jansen et al., 2015) . For example, TACs of FET uptake in high-grade gliomas are characterized by an early peak of tracer uptake followed by a constant decent, whereas low-grade gliomas usually show a steadily increasing TAC (Pöpperl et al., 2007) . Since this phenomenon has not observed for other amino acid tracers such as MET or FDOPA (Kratochwil et al., 2014; Moulin-Romsée et al., 2007) , and it remains to be elucidated whether dynamic MET and FDOPA can contribute significantly to the characterization of brain tumors.
The value of other amino acid PET tracers such as α-[
and [ 18 F]Fluciclovine (FACBC) as well as glutamine-based amino acid PET tracers has been evaluated in glioma patients in terms of tumor delineation (Kamson et al., 2013; Kondo et al., 2016; Venneti et al., 2015) , prognostication (Kamson et al., 2014) and the differentiation of tumor recurrence from radiation injury (Alkonyi et al., 2012) .
The observed findings are promising and suggest that these tracers have the potential to monitor treatment effects. However, the number of examined subjects is currently low and should be increased by subsequent studies.
Besides FDG and radiolabelled amino acids, several other radiopharmaceuticals have been used to image brain tumors, and can help identify malignant processes in tumors. For instance, the thymidine nucleoside analogue 3'-deoxy-3'- Previous studies suggest that FLT is a promising tool for glioma detection and grading (Chen et al., 2005; Jacobs et al., 2005) and is able to predict improved survival after bevacizumab therapy (Chen et al., 2007; Wardak et al., 2014) .
Unfortunately, FLT uptake is dependent on disruption of the blood-brain barrier, hampering its clinical value in Neuro-Oncology (Dhermain et al., 2010) .
Imaging of hypoxia in brain tumors has been performed with the tracer with newly diagnosed glioblastoma (Gerstner et al., 2016) . However, to date FMISO has predominantly been used in a preclinical setting .
Furthermore, FMISO is relatively lipophilic and has a slow clearance from white matter, resulting in a low target-to-background ratio.
Another interesting PET target is the translocator protein (TSPO), a mitochondrial membrane protein that has been used as biomarker for neuroinflammation. TSPO is highly expressed in activated microglia, macrophages and neoplastic cells. Imaging with the TSPO ligand 11 C-(R)PK11195 demonstrates increased binding in high-grade gliomas compared to low-grade gliomas and normal brain parenchyma (Su et al., 2013; Su et al., 2015) . However, F (half-life, 110 minutes) has been synthesized (Winkeler et al., 2012) and evaluated in glioma animal models (Awde et al., 2013) . Results in human glioma patients are pending.
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To date, the spatial distribution of contrast enhancement on MRI is frequently used to define the tumor extent. Furthermore, the area of contrast enhancement is usually the target for stereotactic biopsy or for local treatment options such as neurosurgical resection. Tumor resection is a key treatment option in Neuro-Oncology because it has been demonstrated that a complete tumor resection is associated with a favorable outcome (Lacroix et al., 2001; Stummer et al., 2006) . Furthermore, the importance of resection is dependent on tumor type -for some brain tumors, including multiple pediatric ones, complete removal is the only hope for cure. For the assessment of residual tumor after surgery, postoperative MRI within 24-72 hours is commonly used. A complete tumor resection is defined by the lack on nodular contrast enhancement following surgery (Albert et al., 1994) .
PET-guided neurosurgical planning and resection
The addition of MET PET data for resection-guidance of anaplastic gliomas and glioblastomas provides a target contour substantially different from that obtained by contrast enhancement MRI alone in about 80% of cases (Pirotte et al., 2009 ). In line with this, a recent study with 79 glioblastoma patients revealed that the metabolically active tumor volume on FET PET images prior to histological diagnosis is considerably larger than the volume of contrast enhancement (median volumes, 23.8 ml vs. 13.5 ml) . Similar findings could be observed in lowgrade gliomas (Floeth et al., 2011) . That biopsy-controlled study assessed the presurgical value of FET uptake, 5-aminolevulinic acid (5-ALA) fluorescence and contrast enhancement. 5-ALA is a non-fluorescent prodrug that leads to intracellular accumulation of fluorescent porphyrins in gliomas and is frequently used for
intraoperative fluorescence-guided glioma resection. This can improve patient survival (Stummer et al., 2006) , but, in contrast to FET PET, 5-ALA has a limited sensitivity for tumor tissue detection, especially in low-grade gliomas (Floeth et al., 2011) .
Regarding PET-guided neurosurgical resection, Pirotte and co-workers showed that a complete resection of the tumor area with increased MET uptake resulted in significantly longer survival of patients with high-grade gliomas (Pirotte et al., 2009) .
Postoperative evaluation of the extent of resection
A recent study suggests that findings on early postoperative MRI (24-72 h) can be falsely positive (i.e., due to reactive changes, ischemia, infarctions) or even falselynegative, particularly when a 3T MR scanner is used (Lescher et al., 2014) . In line with Lescher et al., a case series with high-grade glioma patients (n=25) compared the early postoperative MRI performed within the first 72 hours after surgery with an early FET PET scan within the same time frame. FET PET was more sensitive than MRI in 24% of cases in which MRI was falsely negative (wrongly indicating complete response) as proven by histopathology or short-term follow-up (Kläsner et al., 2015) .
Moreover, the amount of residual tracer uptake in FET PET after surgery / prior to chemoradiation of glioblastomas (FET PET performed within 7-20 days after surgery) has a strong prognostic influence, even after adjustment by multivariate survival analyses for the effects of treatment, MGMT promoter methylation and other patient and tumor-related factors (Piroth et al., 2011a; Poulsen et al., 2016; Suchorska et al., 2015) . These data indicate that resection of malignant gliomas guided by amino acid
PET may increase the amount of neoplastic tissue removed, potentially improving patient outcome.
Radiotherapy
Similar to neurosurgical resection, radiotherapy is one of the most important local treatment options and is the main treatment component for both newly diagnosed and relapsed brain tumors. The radiation dose can be fractionated, directly placed inside the tumor (i.e., brachytherapy) or can be applied as a single high dose fraction (i.e., radiosurgery).
Pseudoprogression after Chemoradiation
Since the introduction of chemoradiation with temozolomide as the current standard of care for patients with glioblastoma, there has been an increasing awareness of progressive enhancing lesions on MRI, which are not related to tumor progression, but which are due to treatment effect, i.e., pseudoprogression. Pseudoprogression is typically regarded as a phenomenon of the first 12 weeks after radiotherapy (Brandsma et al., 2008; Brandsma and van den Bent, 2009; Wen et al., 2010) and this time-dependent definition has been incorporated into the RANO criteria (Wen et al., 2010) . Although pseudoprogression most often occurs within the first 12 weeks after radiochemotherapy completion, some cases occurring later have been observed, particularly after radiochemotherapy using temozolomide in combination with lomustine (Kruser et al., 2013; Stuplich et al., 2012) . Compared to conventional MRI, more recent studies with a larger glioblastoma patient cohort reported a diagnostic accuracy of FET PET of at least 85% for differentiating both typical (within 12 weeks) and late (> 12 weeks) pseudoprogression after radiochemotherapy completion from true tumor progression (Galldiks et al., 2015a; Kebir et al., 2016a) .
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Fractionated external beam radiation therapy
A prospective study assessed the prognostic value of early changes of FET uptake 6-8 weeks after postoperative radiochemotherapy in glioblastoma patients (Galldiks et al., 2012b; Piroth et al., 2011b) . PET responders with a decrease in the tumor/brain ratio of more than 10% had a significantly longer disease-free and overall survival than patients with stable or increasing tracer uptake after radiochemotherapy. However, the kinetic analysis of FET uptake was not helpful in the evaluation of treatment effects to radiochemotherapy (Piroth et al., 2013) .
Brachytherapy
Amino acid PET has also been investigated as a way to assess response or failure of iodine-125 seed brachytherapy. For instance, 12 months after brachytherapy in patients with low-grade glioma, MET uptake was significantly reduced, whereas glucose metabolism as assessed by FDG PET was unchanged (Voges et al., 1997; Würker et al., 1996) . In a more recent FET PET study, tumor/brain ratios, uptake kinetics and PET tumor volumes were evaluated for their value in monitoring stereotactic brachytherapy using iodine-125 seeds (Jansen et al., 2013) . In that study, FET PET correctly differentiated with a high diagnostic accuracy late posttherapeutic effects after 6 months from local tumor progression in patients with recurrent high-grade glioma.
Radiosurgery
In view of the demographic changes with an increasing elderly population as well as of a wider spectrum of diagnostic measurements and therapy options for extracranial tumors (e.g., biomarker-guided patient stratification, whole-genome sequencing, targeted therapy, immunotherapy etc.) resulting in an improvement of prognosis, an
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14 increasing number of patients diagnosed with brain metastasis is expected. Besides neurosurgical resection, various types of radiation therapy such as radiosurgery, brachytherapy, and whole-brain radiation therapy are commonly used to treat secondary brain neoplasms.
However, following radiotherapy, and in particular after radiosurgery, conventional MRI cannot reliably differentiate brain metastasis recurrence or progression from radiation-induced changes (e.g., radiation necrosis). In gliomas, radiation necrosis usually manifests within 6 months after standard radiotherapy, occurring in approximately 5-25% of these patients (Kumar et al., 2000; Shah et al., 2013) . For patients with brain metastasis treated by radiosurgery, a similar fraction of radiation necrosis (24% of 310 cerebral metastases) has been reported (Minniti et al., 2011) , which may increase to as high as 47%, depending on the irradiated volume receiving a specific radiation dose (Minniti et al., 2011) .
Amino acid PET has been investigated as a problem-solving tool to address this common problem in clinical practice. For instance, MET PET may be effective in differentiating recurrent metastatic brain tumor from radiation-induced changes. A simple semiquantitative regions-of-interest analysis for the calculation of tumor/brain ratios demonstrated a sensitivity and specificity of 70-80% (Terakawa et al., 2008; Tsuyuguchi et al., 2003) . FDOPA PET has also been shown to differentiate recurrent or progressive brain metastasis from radiation-induced changes with high sensitivity (81%) and specificity (84%) (Lizarraga et al., 2014) . FDOPA PET has been compared to perfusion-weighted MRI in a study of patients with brain metastases after stereotactic radiosurgery. The accuracy of FDOPA PET was 91% and superior to PWI MRI, which yielded an accuracy of 76% (Cicone et al., 2015) in identifying
15 metastases. A similar diagnostic accuracy has also been reported for FET PET: the combination of tumor/brain ratios with dynamic FET parameters differentiated local brain metastasis recurrence from radiation-induced changes with a sensitivity of 95%
and specificity of 91% (Galldiks et al., 2012c) . And a similar diagnostic performance was confirmed in a subsequent study with a greater number of patients (n=62) (Ceccon et al., 2016) .
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SYSTEMIC TREATMENT OPTIONS
In Neuro-Oncology, frequently used systemic treatment options are cytotoxic chemotherapy and antiangiogenic therapy. Immunotherapy is effective in patients with extracranial tumors and brain metastasis and seems to be a promising systemic approach for malignant gliomas (Berghoff and Preusser, 2016; Nduom et al., 2016) , that is currently under intensive investigation.
Alkylating Chemotherapy
For patients treated with alkylating chemotherapy, MET and FET PET may improve response assessment (Fig. 2) . For instance, MET PET has been evaluated as a means to assess the effects of alkylating chemotherapy. Reliable monitoring of temozolomide and nitrosourea-based chemotherapy (PCV scheme including procarbazine, CCNU and vincristine or CCNU monotherapy) has been demonstrated in patients with recurrent high-grade glioma (Galldiks et al., 2006; Galldiks et al., 2010; Galldiks and Langen, 2016; Herholz et al., 2003) . Similarly, FET PET has been used to assess effects of temozolomide chemotherapy according to the EORTC protocol 22033-26033 (application of 75 mg/m 2 temozolomide per day over 21 days in a 28-day cycle) (Wyss et al., 2009) . In that prospective study, changes of FET uptake were compared with FLAIR signal alterations on MRI for evaluation of response to temozolomide regime 21/28 in 11 patients with progressive nonenhancing low-grade glioma (WHO Grade II). In responding patients, a reduction of the metabolically active tumor volume after initiation of treatment could be observed substantially earlier than volume reductions on FLAIR sequences, suggesting that FET PET may be an earlier marker of successful treatment than standard MRI for this patient group.
These findings described by Wyss and colleagues were confirmed by a subsequent multicenter PET study in a greater patient number (Roelcke et al., 2016) .
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Antiangiogenic Therapy with Bevacizumab
In 2010, the RANO group addressed the problem of pseudoresponse related to antiangiogenic drugs and recommended new criteria for response assessment by including FLAIR or T2 signal alterations as criteria for determining tumor response or progression ("non-enhancing tumor progression") (Wen et al., 2010) .
However, the problem of accurately identifying non-enhancing tumor remains, and thus amino acid PET has been investigated as an alternative imaging method to assess treatment response to antiangiogenic therapy (Reithmeier et al., 2013) (Fig.   3) . Recent studies and case reports indicate that FET and FDOPA PET are useful in detection of pseudoresponse (Galldiks et al., 2012a; Galldiks et al., 2013a; Galldiks et al., 2013b; Hutterer et al., 2011; Morana et al., 2013) . FET and FDOPA PET have also been used to predict a favorable outcome in responders to bevacizumab (Galldiks et al., 2013b; Hutterer et al., 2011; Schwarzenberg et al., 2014) .
Additionally, the cost effectiveness of FET PET for therapy monitoring of antiangiogenic therapy has been analyzed (Heinzel et al., 2013) . The data suggest that the additional use of FET PET in the management of these patients have the potential to avoid overtreatment and corresponding costs, as well as unnecessary patient side effects.
Immunotherapy with checkpoint Inhibitors
Identifying patients with pseudoprogression is crucial because a successful treatment might be erroneously and prematurely discontinued with a potentially negative influence on survival. Following treatment of melanoma patients with checkpoint inhibitors such as ipilimumab, nivolumab, or pembrolizumab, in particular, detecting
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18 pseudoprogression has become a major challenge, with approximately 10% incidence in clinical practice (Hodi et al., 2016) . In order to overcome this issue, a working group recommended in 2015 criteria for immunotherapy response assessment in Neuro-Oncology (iRANO) based on clinical parameter and standard MRI findings (Okada et al., 2015) . The iRANO group noted that to date there is no non-invasive method that can confidently identify pseudoprogression in these patients. Thus, there remains an urgent need for the acquisition of additional information potentially derived from advanced imaging techniques. Recently a small retrospective pilot study addressed this issue and showed for the first time the potential of FET PET to detect pseudoprogression in patients with malignant melanoma brain metastasis treated with ipilimumab or nivolumab (Kebir et al., 2016b) .
OTHER EXPERIMENTAL THERAPY APPROACHES
Other experimental treatment options for gliomas such as convection-enhanced delivery of paclitaxel, intracavitary radioimmunotherapy, stereotaxy-guided laserinduced interstitial thermotherapy, as well as adjuvant maintenance therapy with imatinib in combination with hydroxyurea may also benefit from PET imaging. For instance several studies (Galldiks et al., 2009; Galldiks et al., 2012d; Pöpperl et al., 2005; Pöpperl et al., 2006) have shown that such treatment effects could be successfully monitored by PET using MET and FET.
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OUTLOOK
The present literature in neuroimaging using PET highlights the ability of amino acid Albert, N.L., Winkelmann, I., Suchorska, B., Wenter, V., Schmid-Tannwald, C., Mille, E., Todica, A., Brendel, M., Tonn, J.C., Bartenstein, P., la Fougere, C., 2016b. Early static (18) Brandes, A.A., Franceschi, E., Tosoni, A., Blatt, V., Pession, A., Tallini, G., Bertorelle, R., Bartolini, S., Calbucci, F., Andreoli, A., Frezza, G., Leonardi, M., Spagnolli, F., Ermani, M., 2008. MGMT promoter methylation status can predict the incidence and outcome of pseudoprogression after concomitant radiochemotherapy in newly diagnosed glioblastoma patients. J Clin Oncol 26, 2192-2197.
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Highlights (for review)
Currently, the response assessment in Neuro-Oncology (RANO) working group has strongly recommended the more widespread diagnostic use of amino acid PET for the management of patients with brain tumors (Albert et al., 2016 Neuro Oncology) .
The available literature provides strong evidence that amino acid PET can be a helpful adjunct in the management of these patients in neurooncological centers. The resulting improvement in diagnostic accuracy is expected to have patient-relevant benefits, i.e., the ability of amino acid PET to quantify biological responses to treatment opens the door for its application in monitoring patients to identify foci of early disease progression.
